A novel flow injection system is presented for simple, rapid and selective determination of bismuth at sub-ppm levels in iron and steel by coupling in-line anion exchange preconcentration/separation directly with spectrophotometric detection. Bismuth in 0.5 M HCl solution was adsorbed on a small column packed with Dowex 1X8 anion exchange resin and desorbed with a small volume of 0.5 M H 2 SO 4 , which allowed effective preconcentration/separation of bismuth from a large excess of iron(III) and other coexistent elements in the steel samples. Bismuth was detected by complex formation with iodide in 0.5 M H 2 SO 4 yielding a yellow color. Various analytical parameters were investigated, and optimal conditions and manifold configurations were established. A linear calibration using a 10 m sample loop was obtained for bismuth in the range of 0.005-0.30 ppm. The relative standard deviation for 0.1 ppm bismuth in the solution was 0.8% (nϭ5). The estimated limit of determination is ca. 0.2 ppm in steel sample when a 5 m sample loop (1.0 mm i.d.) is used. The results for analyses of steel samples by the present FI system correspond well with those obtained by AAS methods. The present FI system affords a rapid and simple analysis: only 12 min is required for analytical measurement after sample injection, and no complicated manual operation is involved.
Introduction
There is an increasing demand for the determination of elements having low melting-point, e.g. Pb, Bi, Sb, in steel products (including nickel-based alloy) since such elements even at trace quantities may cause deleterious effects on mechanical and physical properties of steels and high alloy steels. A suitable method for the sensitive, fast, and simple determination of these elements at ppm levels and below in steel samples is therefore highly desirable. Flame AAS methods with detection limits of 5 ppm 1) and 4 ppm 2) are sometimes unsatisfactory in terms of sensitivity and simplicity due to the use of batchwise procedures involving laborious and time consuming solvent extraction separation. A procedure 3) based on pulse-nebulization flame AAS combined with FIA was reported to give lower detection limits than conventional flame AAS for the direct determination of trace elements in steels, but the detection limit still remained at the low ppm level. More sensitive methods [4] [5] [6] by electrothermal AAS were used to determine bismuth below 1 ppm in steels, but these methods also required preseparation by troublesome solvent extraction. Hydride generation AAS (HGAAS) [7] [8] [9] [10] have often been reported to determine bismuth at sub ppm levels in steel samples, but it was also mentioned that the determination of bismuth by HGAAS suffers from severe interference from cobalt, iron, nickel and precious metals. 11) Recently ICP-MS methods 12, 13) have also been proposed, affording more sensitive determination of bismuth in steels with detection limits one order of magnitude lower than AAS methods. As described, it seems likely that AAS and ICP-MS will become the main tools for bismuth determination in steels. On the other hand, alternate methodology based on differing principles is needed to validate these AAS and ICP methods and to provide reliable analytical values for certified reference materials. In addition, both AAS and ICP-MS have the disadvantage of requiring expensive and larger-scale instrumentation with a corresponding increase in maintenance and operating costs.
Flow injection analysis (FIA) is a rapidly growing analytical system which facilitates the automation of chemical analyses and has the advantage of permitting in-line preconcentration and separation for improving analytical sensitivity and selectivity despite using inexpensive equipment such as the spectrophotometer. The aim of this study was to develop a simple, rapid, and accurate chemical analysis system, based on a different analytical principle from AAS and ICP-MS, for the determination of bismuth at ppm to sub ppm levels in steels.
In the present paper, anion exchange preconcentration/ separation and spectrophotometric detection with iodide were investigated such that both could be combined in-line directly in a continuous flow system for the determination of bismuth. Spectrophotometric method of determination is widely used due to low cost, simple manipulation, and long-term reliablity, requiring no complicated and expensive maintenance. The spectrophotometric determination of bismuth with iodide employed in this study has an unique advantage that can be achieved in relatively strong acidic media together with stable color development. 14) However, it is subject to many interferences from metals, especially from iron matrix, and it is not sensitive enough to allow direct determinnation of bismuth at ppm levels in steels. Therefore, a suitable preconcentration/separation step is needed for low level determination of bismuth in steel. It is apparent that this preconcentration/separation should be achieved in acidic media in order to effectively combine this step with the spectrophotometric determination with iodide. Anion-exchange distribution coefficients for a number of metals in HCl media presented by Claus's fundamental study 15) have widely been utilised for developing methodologies of separation of metals 16, 17) including bismuth separation from some metals in the HCl media. [18] [19] [20] The anion exchange separation of bismuth from a large excess of matrix iron adopted in the present study is based on the fact that bismuth can form stable chloro-complexes over a wide range of HCl acidity, while iron has a decreasing tendency to form such similar complexes as the HCl concentration decreases. Most methods, however, require complicated procedures that are operated manually and in a batchwise fashion, making the method time-consuming and laborious.
Detailed investigations were made here to establish the optimal conditions and manifold configuration for both inline preconcentration/separation of bismuth from matrix iron and other coexisting metals in steels and also spectrophotometric detection based on the complex formation of bismuth with iodide which should be combined directly in a continuous flow system. The proposed FIA system was satisfactorily applied to the determination of bismuth in steel samples.
Experimental

Chemicals and Solutions
All chemicals used were of reagent-grade (Wako Pure Chemical Industries, Ltd., Osaka), unless otherwise specified. Milli-Q (Millipore) water was used to prepare all solutions. Ammonia solution (25 %), HCl (20 %), HNO 3 (60 %), and H 2 SO 4 (98 %) were of Super Special Grade by Wako (Osaka, Japan). Standard solutions of bismuth (10 ppm) were prepared from a 1 000 ppm certified standard solution by suitable dilution with 0.5 M HNO 3 . Further dilutions were prepared daily as required. A working potassium iodide solution (2.0ϫ10 Ϫ1 M) was prepared by dissolving 6.64 g of potassium iodide and 0.035 g of ascorbic acid in water, followed by diluting with water to 200 mL. This solution was prepared daily as required. A 0.2 M hydrochloric acid solution as carrier and a 0.5 M sulfuric acid solution as eluent were prepared by diluting corresponding volumes of hydrochloric acid (20 %) and sulfuric acid (98 %), respectively, in water. A standard solution of iron (20 000 ppm) was prepared by dissolving 1.00 g of electrolytic iron powder in 20 mL of 5 M hydrochloric acid in a tall glass beaker by gentle heating on a hot-plate, followed by addition of 3 mL of 11 M hydrochloric acid and 2 mL of nitric acid (60 %) and heating again on a hot plate in order to completely dissolve and to oxidize iron(II) to iron(III), and then diluting to 50 mL with water.
Apparatus and FIA System
The manifold for FIA of bismuth is diagrammed in Fig.  1 , where Fig. 1(a) is for establishing the spectrophotometric detection of bismuth and Fig. 1(b) is constructed by incorporating an in-line anion exchange column. The system is composed of Sanuki Kogyo Model RX-5020T and RX-703T pumps (metal-free type), a Jasco UV-970 UV/VIS detector and two SANUKI SVM-6M2 six-port valves. All components (unions, endfittings, and valves) in contact with solution were made of PTFE, Daiflon, or ceramics. The preconcentration/separation column (IC) was prepared by slurry packing the strongly basic anion exchange resin (Dowex 1X8, 200-400 mesh) into a borosilicate glass column (2 mm i.d., 40 mm long).
Analytical Procedure for FIA of Bismuth in Steel
Sample The sample solution injected via the 6-way valve V 1 into carrier C 1 is carried through the column IC and drained to waste via the 6-way valve V 2 (solid line) in Fig. 1 bismuth retained on the column is desorbed with 0.50 M sulfuric acid (R 1 ). Desorbed bismuth merges downstream with potassium iodide solution (R 2 ), yielding bismuth complex in the reaction coil (RC) that is monitored via spectrophotometric detection (D) at 460 nm. The peak height is rectilinearly related to the bismuth concentration. After the peak returns to baseline (about 7 min after switching the V 2 to the broken line) the V 2 is switched to the solid line position and 3 min later the next sample solution can be introduced to the FIA system.
Preparation of Sample Solution
The sample solution was prepared based on the JIS method with atomic absorption spectrometry for iron and steel.
1) An accurately weighed 1 g steel sample was dissolved in 10 mL of aqua regia in a tall glass beaker by gentle heating on a hot plate. After cooling to room temperature, the solution was diluted to 100 mL with a volumetric flask with water. If neccessary, the solution was filtered through a filter paper (No. 5B) before this dilution. The residue on the filter paper was washed with a small portion of 0.5 M HCl solution until the yellow color due to iron disappeared. The filtrates were collected in a volumetric flask and finally diluted to 100 mL.
Results and Discussion
Optimization of Variables for Spectrophotometric
Detection of Bismuth with Potassium Iodide in a Continuous Flow System In order to optimize the selected flow injection manifold, the effects of chemical and hydrodynamic parameters on the signal response of bismuth were studied using the Fig.  1(a) system. Taking into consideration that sulfuric acid elution of bismuth retained on the separation/preconcentration column is employed as described later, complex formation of BiI 4 Ϫ in sulfuric acid medium for spectrophotometric detection was adopted such that the detection is directly coupled with in-line separation of bismuth in a continuous flow system. Bismuth was found to form a yellow complex with excess iodide in sulfuric acid medium with a maximum absorption at aproximately 460 nm (calculated molar absorptivity of ca. 8 000). Spectrophotometric measurements were made at 460 nm in all subsequent studies because potassium iodide itself does not absorb at this wavelength.
The effects of H 2 SO 4 concentration in the range of 0.1-2.0 M and potassium iodide concentration in the range of 0.03-0.28 M on peak height were examined for 0.5 ppm bismuth, while keeping the other parameters constant. It was observed that the peak height increased gradually with increasing concentrations of both sulfuric acid and potassium iodide, but the solpes of these curves became small beyond 0.5 M sulfuric acid and 0.2 M potassium iodide. Concentrations of 0.5 M and 0.2 M were selected for H 2 SO 4 (C, R 1 ) and potassium iodide (R, R 2 ), respectively. There is additional meaning in the selection of 0.5 M H 2 SO 4 because the elution of bismuth from the column can smoothly and quantitatively be achieved by 0.5 M H 2 SO 4 , while at the same allowing direct in-line coupling of the separation and detection steps in the FIA system. Preliminary experiments showed that the potassium iodide solution is easily oxidized by air, becoming yellow over time. Therefore, 5.0ϫ10 Ϫ3 M ascorbic acid was added to the potassium iodide solution and this mixture was prepared daily before use.
The dependence of peak height on flow rate and reaction coil length were also examined for 0.5 ppm bismuth by varying each parameter, while keeping the others constant. As shown in Fig. 2 , the peak height gradually decreased as the reaction coil length increased. This can be attributed predominantly to the increased dispersion of the sample zone, particularly when the reaction rate of complex formation is rapid. The flow rates of potassium iodide and carrier did not significantly affect the peak height within the range of 0.3-0.95 mL/min, suggesting that the complex formation is rapid enough to allow bismuth detection in a continuous flow system .
Anion-exchange Separation/preconcentration of Bismuth Directly In-line Coupled with Spectrophtometric Detection
The effect of HCl concentration on the adsorption behaviour of bismuth on an anion exchange column was investigated to find the conditions necessary for quantitative preconcentration/separation. The flow system ( Fig. 1(b) ) with a 100 cm sample loop was used for this purpose. Injection of 0.5 ppm bismuth standard solutions at varying HCl concentrations, in which the carrier solution was also adjusted to the same HCl concentration, was then performed. The results showed that the peak height as a result of desorption of bismuth was nearly independent of the HCl concentration over the examined range of 0.2-3.0 M.
The effects of flow rate on the adsorption efficiency of bismuth was also examined by injecting sample solutions containing 0.5 ppm bismuth in 0.2 M and 0.5 M HCl with the carrier solution at the same HCl concentration as in the sample solution. No significant difference in the peak height was observed for the examined flow rates of 0.3, 0.5, 0.7 and 1.0 mL/min and there was no observed difference between 0.2 M and 0.5 M HCl. These results suggest that the adsorption of bismuth on an anion exchange column from HCl solutions is rapid and quantitative over the examined concentration range of HCl. In order to shorten the analysis time, a carrier flow rate of 1.0 mL/min was selected. Bismuth retained on the anion exchange column can easily be eluted by nitric acid or sulfuric acid. Sulfuric acid was found to be preferable to nitric acid for this purpose since it was found to provide sharper and faster elution profiles at the same acid concentration. The peak height response gradually incresed as H 2 SO 4 concentration was increased as shown in Fig. 3 . The use of unneccessarily high H 2 SO 4 concentrations was avoided due to possibly causing chemical corrosion of the pumping system. As a result, 0.5 M was selected for elution of bismuth which resulted in optimum sensitivity and minimal peak tailing.
The effect of HCl concentration on the separation efficiency of matrix iron was studied with the injection of iron solutions (10 000 ppm) in 0.2, 0.5 and 1.0 M HCl (carrier solutions at the same HCl concentration) by use of Fig.1(b) , in which R 2 was replaced by ammonium thiocyanate solution and the detection wavelength was changed to 500 nm. After iron solutions were passed through the column, iron retained on the column was eluted by switching the valve V 2 to the eluent stream of R 2 (0.5 M H 2 SO 4 ) and iron in the effluent from the column was detected by spectrophotometrically based on complex formation with thiocyanate. As shown in Fig. 4 , it is clear that iron is more readily eluted at lower HCl concentrations than at higher HCl concentrations. This is due to the fact that the Kd of iron sharply decreases with decreasing HCl concentrations. On the other hand, it is well known that an excess of iron is subject to hydrolysis at lower acid concentrations. Therefore, a HCl concentration of 0.50 M in the sample solution was chosen as a compromise between these two factors and a carrier solution in 0.2 M HCl was employed for promoting the elimination of iron from the column. Under these conditions no washing out of bismuth was observed when the sample solution was injected and processed as described.
Experiments with injection of 0.2 ppm bismuth solution in the presence of an excess of iron (10 000 ppm in 0.5 M HCl) with a 10 m sample loop were made by varying the pumping time for carrier solution at a flow rate of 1 mL/min. No significant change in the peak height was observed at delivery times of 4, 5, 7, 10 min. In addition, the peak height for bismuth in the presence of 10 000 ppm iron was nearly identical to that obtained in the absence of iron. The peak height at a shorter delivery time of 3 min was 1.2 times higher than that at the longer times, suggesting that iron remaining in the column affected the spectrophotometric detection of bismuth. A pumping time of 5 min was selected because trace bismuth is separated almost quantitatively from iron by this time, thus avoiding any potential iron matrix interferences.
The possibility of enriching trace bismuth from a larger size of sample solution in the presence of an excess of iron was also investigated with sample loops (0.5 mm i.d.) of varying lengths under the optimum conditions. The peak height obtained when injecting a solution containing 0.1 ppm bismuth and 10 000 ppm iron in a mixture increased linearly as a sample loop length increased up to 10 m, in which the sample loop length directly relates to sample size. In addition, the peak heights obtained by injecting bismuth solution in the presence and in the absence of 10 000 ppm iron were in good agreement with each other at any sample loop lengths examined. Thus, it is evident that the sensitivity can be improved by using larger sample sizes due to the fact that the anion exchange column plays an important role in not only separation but also preconcentration. Results of further studies of injecting a solution containing 0.1 ppm bismuth and 20 000 ppm iron in a mixture showed that the peak heights with a 5 m sample loop of wider bore tubing (1.0 mm i.d.) led to ca. four-fold increase over that with a 5 m sample loop (0.5 mm i.d.).
Calibration Curve
Under the optimum conditions described, the peak heights obtained by injecting bismuth solutions containing 10 000 ppm iron with a 10 m sample loop (0.5 mm i.d.) were plotted against the concentration of bismuth. Typical signal traces are given in Fig. 5 . A linear calibration curve was obtained over the range 0.005-0.30 ppm bismuth with a regression equation of Yϭ64.1Xϩ0.21, where Y is peak height (cm) and X is concentration of Bi (ppm), with a correlation coefficient of 0.999. The slope was almost identical to that obtained by the bismuth standard solutions without iron. The relative standard deviation (RSD) for 0.1 ppm bismuth was 0.8 % (nϭ5) and the detection limit (LOD), defined as three times the RSD of blank, was 0.001 ppm. This limit of detection corresponds to 0.1 ppm in steel sample when a sample is treated by the procedure shown in Sec. 2. The limit of determination, estimated as 5 times the LOD is 0.5 ppm in a steel sample. The range for determination can be varied by changing the sample size injected. When a sample loop of larger bore tubing (1.0 mm i.d., 5 m long) is used, the limit of determination can be improved to ca. 0.2 ppm in a steel sample.
Interference Study
The effects of several other ions often found in steel samples on the determination of bismuth were studied by using solutions containing 0. , Se(IV), As(V), Te(IV), and W(VI). When a 100 mL sample solution is prepared by dissolving 1 g steel sample, each 10 ppm of co-existing ion in the sample solution corresponds to 0.1 (m/m)% in the solid steel sample. Cadmium showed a positive interference at the 3 ppm level by causing 11 % increase in the peak height due to a tendency to form relatively stable chloro-and iodo-complexes in acidic media, but 1.5 ppm of cadmium was tolerated. In order to evaluate possible interference from a large excess of iron, nickel and chromium, sample solutions were prepared by dissolving stainless steel samples JSS653-7 and JSS 654-7 (Japanese Iron and Steel Certified Reference Material), with minimum amounts of aqua regia and adjusted to ca. 0.5 M HCl. These stainless steel solutions were spiked with 0.1 and 0.05 ppm bismuth and were analyzed for bismuth. The results summarized in Table 1 , exhibited satisfactory and quantitative recoveries of bismuth and confirmed high selectivity of the present FIA system. From these results, it can be concluded that there are no obvious interferences to be expected from normal contaminant levels found in iron and steel samples.
Analysis of Steel Samples
The present FIA system was applied to the analysis of two steel samples, NBS 362 and NBS 363, to which noncertified values of 0.002 (m/m)% and 0.0008 (m/m)% for Bi, respectively, were given by NBS. Analytical results are bismuth. Experimental conditions as in Fig. 1(b) . Table 1 . Recovery test for bismuth spiked to iron solution prepared from high alloy steels. Table 2 . Analysis of steel samples by the proposed FI system. summarized in Table 2 . The bismuth contents for both samples obtained by this FIA system are considered to be in reasonably good agreement with the reference values and analytical values of 19.5Ϯ0.8 by ETAAS, 6) 23.4 and 18.4 by FIA-AAS 3) for NBS362 sample, and 6.6Ϯ0.07 by GFAAS, 9) 5.4 and 4.5 by ICP-MS, 13) 5.0Ϯ1.0 by FIA-AAS 3) for NBS 363 sample. The reproducibility with relative standard deviations less than 1 %, and recoveries close to 100 % for spiked bismuth have proved the satisfactory performance of the current FIA system applied to real steel sample solutions that contain many co-existing elements at higher content than bismuth. Judging from the results of Table 1, Table 2 and the interference study described above, the present FIA system should be widely applicable to a wide range of iron and steel samples. No complicated manual operation is involved, and no complicated and expensive instruments are required. The time required for measurement (for every injection) was about 12 min which is an additional attractive feature of the proposed FIA system. This work was financialy supported in a part by the Iron and Steel Institute of Japan (ISIJ). The authors are grateful to Dr. Y. Ishibashi and Dr. H. Yoshikawa (Kokan Keisoku Co. Ltd., Japan) and Dr. K. Fujimoto (JFE Steel Corp. Japan) for helpful discussions on the present work and for supplying the steel samples.
